Abstract: Abundant W-rich rutile in the tourmalinized wall-rocks from the Panasqueira W-deposit appears to be a marker of the onset of the main wolframite depositing event. Rutile displays spectacular zoning, both sector (SZ) and oscillatory (OZ). An extensive set of compositional data obtained on crystals, beforehand studied using back-scattered electron images and X-ray maps, was used to address (i) the effects of SZ on differential trapping of minor elements, and (ii) the significance of the OZ in deciphering fluid sources and fluid circulation dynamics. Particular attention was paid to Sn, W (Nb, Ta) concentrations in rutile as pathfinders of the W deposition. Concerning the sector zoning, W is more incorporated than (Nb, Ta) onto more efficient faces, whereas Sn contents are nearly not impacted. The net effect of the sector zoning is thus a progressive increase of the relative weight of Sn from pyramid to prism faces, in combination with a less significant increase in the relative weight of Nb + Ta. The oscillatory zoning concerns most minor elements: W, Nb (Ta), Fe, V, Cr and Sn. In the frequent doublets, the clear bands are in general enriched in W relatively to the dark ones, whereas the inverse is true for Nb and Ta. The doublets may be viewed as the result of the successive influx of (i) a W-rich, Nb + Ta poor fluid, abruptly replaced by (or mixed to) (ii) a Nb + Ta-rich and W-poor fluid. The Nb + Ta-rich fluid could be in turn related to a rare-metal granite layer observed atop of the Panasqueira granite.
Introduction
Rutile is the most abundant Ti-bearing mineral and a very common accessory mineral stable in a wide range of geological environments from igneous to sedimentary settings [1] . Rutile may incorporate a variety of elements, and in particular Al, V, Cr, Fe, Zr, Nb, Sn, Sb, Hf, Ta, W and U [2] [3] [4] [5] [6] [7] [8] [9] [10] . Trace elements in rutile may be used as marker of sediment sources, e.g., [11, 12] , or to probe subduction and magmatic processes, e.g., [1, [13] [14] [15] . Rutile is also widely used to date (U/Pb) metamorphic events [1, 16] , and references therein], less commonly magmatic events, e.g., [17] , or ore deposition, e.g., [18] [19] [20] [21] . Zr content in rutile may also be used as a geo-thermometer [22] .
Rutile is common in felsic magmatic rocks, and an extensive literature deals with Nb and Ta-bearing rutile in rare-metal granites and pegmatites as a marker of magmatic processes such [45] ). (B) Schematic cross section of the Panasqueira deposit, showing the concealed granites and greisenized cupola with a silica cap, and the gently dipping quartz-wolframite vein system (modified after [46, 47] ).
Material and Methods
Classical petrographic examinations have been carried out using an Olympus BX51 (transmitted and reflected light) optical microscope and a VHX-200 Keyence numeric microscope. Selected polished thin sections were studied with a JEOL J7600F scanning electron microscope (SEM) equipped with a Silicon Drift Detector (SDD)-type EDS spectrometer at the GeoRessources Laboratory (Nancy, France). Backscattered electron (BSE) images were obtained by setting the acceleration voltage at 15 kV. X-ray mapping was done using a CAMECA SX100 Electron microprobe (EPMA) equipped with a wavelength dispersive spectrometer (WDS), with a 12 nA current and an accelerating voltage of 15 kV. Micro-XRF mapping was done using the Bruker-Nano M4 Tornado instrument. This system has a Rh X-ray tube with a Be side window and polycapillary optics giving an x-ray beam with a diameter of 25-30 μm on the sample. The X-ray tube was operated at 50 kV and 200 μA. X-rays are detected by a 30 mm 2 XFlash® SDD with an energy resolution of <135 eV at 250,000 cps. All analyses were carried out at 2 kPa vacuum. Main elements such as Fe, Ti, Cl, Al, and Si were mapped, and composite images were generated. Major-element mineral compositions were determined using a JEOL J7600F SEM at the GeoRessources Laboratory (Nancy, France). Analytical conditions were a 1 nA current and an acceleration voltage of 15 kV, with a counting time of 60 s. Natural and synthetic oxides and silicate standards were used: MnTiO3 (Ti), Cr2O3 (Cr), vanadinite (V), hematite (Fe), LiNbO3 (Nb), LiTaO3 (Ta), cassiterite (Sn) and scheelite (W). Detection levels were taken at ~1000 ppm for all elements, except Ta. Due to overlap with the W peak, Ta detection level is set at ~3000 ppm. However, in many cases, although a clear shouldering on the W peak testifies for [45] ). (B) Schematic cross section of the Panasqueira deposit, showing the concealed granites and greisenized cupola with a silica cap, and the gently dipping quartz-wolframite vein system (modified after [46, 47] ).
Classical petrographic examinations have been carried out using an Olympus BX51 (transmitted and reflected light) optical microscope and a VHX-200 Keyence numeric microscope. Selected polished thin sections were studied with a JEOL J7600F scanning electron microscope (SEM) equipped with a Silicon Drift Detector (SDD)-type EDS spectrometer at the GeoRessources Laboratory (Nancy, France). Backscattered electron (BSE) images were obtained by setting the acceleration voltage at 15 kV. X-ray mapping was done using a CAMECA SX100 Electron microprobe (EPMA) equipped with a wavelength dispersive spectrometer (WDS), with a 12 nA current and an accelerating voltage of 15 kV. Micro-XRF mapping was done using the Bruker-Nano M4 Tornado instrument. This system has a Rh X-ray tube with a Be side window and polycapillary optics giving an x-ray beam with a diameter of 25-30 µm on the sample. The X-ray tube was operated at 50 kV and 200 µA. X-rays are detected by a 30 mm 2 XFlash®SDD with an energy resolution of <135 eV at 250,000 cps. All analyses were carried out at 2 kPa vacuum. Main elements such as Fe, Ti, Cl, Al, and Si were mapped, and composite images were generated. Major-element mineral compositions were determined using a JEOL J7600F SEM at the GeoRessources Laboratory (Nancy, France). Analytical conditions were a 1 nA current and an acceleration voltage of 15 kV, with a counting time of 60 s. Natural and synthetic oxides and silicate standards were used: MnTiO 3 (Ti), Cr 2 O 3 (Cr), vanadinite (V), hematite (Fe), LiNbO 3 (Nb), LiTaO 3 (Ta), cassiterite (Sn) and scheelite (W). Detection levels were taken at~1000 ppm for all elements, except Ta. Due to overlap with the W peak, Ta detection level is set at~3000 ppm. However, in many cases, although a clear shouldering on the W peak testifies for the presence of Ta, disentangling is not feasible. In such instances, we arbitrarily set a Ta value at 1500 ppm, i.e., at the best estimate without bias.
Results

Petrography
Rutile crystals are found either scattered or densely disseminated in the tourmalinized wall rocks, or associated with tourmaline in thin early quartz veinlets (Qcs) resulting from a crack-seal process [58] (Figure 2A,B) . In the wall rocks, they occur either as single crystals ( Figure 3C,D) or aggregates ( Figure 3B ), sometimes chain of crystals, with a size from less than 10 µm up to 80-100 µm, varying from sample to sample. They locally may be associated with zircon or Th-rich monazite. In the Qcs veinlets, they form isolated larger crystals ( Figure 3E,F) , up to 500 µm or more in diameter. Rutile crystals commonly contain euhedral quartz or muscovite inclusions. the presence of Ta, disentangling is not feasible. In such instances, we arbitrarily set a Ta value at 1500 ppm, i.e., at the best estimate without bias.
Results
Petrography
Rutile crystals are found either scattered or densely disseminated in the tourmalinized wall rocks, or associated with tourmaline in thin early quartz veinlets (Qcs) resulting from a crack-seal process [58] (Figure 2A,B) . In the wall rocks, they occur either as single crystals ( Figure 3C,D) or aggregates ( Figure 3B ), sometimes chain of crystals, with a size from less than 10 μm up to 80-100 μm, varying from sample to sample. They locally may be associated with zircon or Th-rich monazite. In the Qcs veinlets, they form isolated larger crystals ( Figure 3E,F) , up to 500 μm or more in diameter. Rutile crystals commonly contain euhedral quartz or muscovite inclusions. Micro-to nano-inclusions (1-100 nm) of zircon or wolframite are not rare, and up to 10 or more nano-crystals may be contained in a single crystal. Wolframite nano-inclusions are usually located at crystallographic boundaries (such as faces intersections, twin planes, and quartz inclusion boundary) ( Figure 3A ,B,D), suggesting that their growth was coeval with the host rutile. Compositions estimated from SEM-EDS are ferberitic, with a Fe/Fe + Mn ratio between 0.67 and 0.83. From detailed relationships between rutile, tourmaline and early wolframite, it is inferred that rutile deposition was coeval with the inception of the main wolframite depositing event [21] . Micro-to nano-inclusions (1-100 nm) of zircon or wolframite are not rare, and up to 10 or more nano-crystals may be contained in a single crystal. Wolframite nano-inclusions are usually located at crystallographic boundaries (such as faces intersections, twin planes, and quartz inclusion boundary) ( Figure 3A ,B,D), suggesting that their growth was coeval with the host rutile. Compositions estimated from SEM-EDS are ferberitic, with a Fe/Fe + Mn ratio between 0.67 and 0.83. From detailed relationships between rutile, tourmaline and early wolframite, it is inferred that rutile deposition was coeval with the inception of the main wolframite depositing event [21] .
Rutile Chemical Composition
The crystals are typically zoned on a scale of the order of 10 µm or less, precluding measurement of their chemical composition by EPMA. For this reason, the chemical composition was measured (including oxygen) by SEM-EDS on the basis of the back-scattered images. Sixty-one crystals from 12 samples were studied in great detail, and a selection of results is presented in Table 1 (the whole set of data is provided in Supplementary Data Table S1 ). Structural formulae were calculated on a 3 cation basis, to conform to the general formula AB 2 O 6 . With an average 6.04 apfu (Atom Per Formula Unit) the calculated structural O is found to be very close to 6, attesting to the good quality of the analyses. The Panasqueira rutile systematically contains Fe, V, Sn, Nb, Ta and W, all with highly variable contents, in part because of sector zoning effects (see below): Fe from 0.18 to 2.95 wt %, V from below detection level (bdl) to 3.48 wt %, Cr from bdl to 2.41 wt %, Nb from bdl to 1.64 wt %, Ta from bdl to 2.17 wt %, and W from 0.20 to 9.45 wt %. Nb + Ta is usually lower than 0.5 wt %, and the Nb/Nb + Ta ratio varies from 0.05 to 0.97, being on average 0.6. The crystals display a marked sector zoning, often combined with typical oscillatory zoning ( Figure 3 ). All the minor elements, W, Nb (Ta), Fe, V, Cr and Sn, are equally involved in the zoning ( Figure 4 ). Sector zoning is exhibited mostly by W and Fe, a fact already mentioned by [6] , and, although to a lesser extent, by Nb and Ta ( Figure 4B ,F-K), whereas Sn, V (and Cr) are less systematically affected: compare Sn or V in Figure 4D Nb/Nb + Ta ratio varies from 0.05 to 0.97, being on average 0.6.
The crystals display a marked sector zoning, often combined with typical oscillatory zoning ( Figure 3 ). All the minor elements, W, Nb (Ta), Fe, V, Cr and Sn, are equally involved in the zoning (Figure 4 ). Sector zoning is exhibited mostly by W and Fe, a fact already mentioned by [6] , and, although to a lesser extent, by Nb and Ta ( Figure 4B ,F-K), whereas Sn, V (and Cr) are less systematically affected: compare Sn or V in Figure 4D 
Interpretation
Crystal Chemistry
In the general AB 2 O 6 structure, in which TiO 2 may be seen as an end-member, entrance of W 6+ or R(Nb, Ta) 5+ is generally thought to be due to coupling with a R 3+ cation, according to the exchange vectors: R
Exchange between W 6+ and R 5+ is also possible, equally involving coupling with a R 3+ cation, according to:
The R 3+ cation could be Al 3+ , not documented at Panasqueira, and Cr 3+ , V 3+ or Fe 3+ .
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Iron is commonly thought to enter the rutile structure as Fe 3+ , e.g., [66] , but Fe 2+ is sometimes considered [37] , entering the structure according to the vectors:
Tin (Sn 4+ ) directly replaces Ti. Among the three possible V valences, V 4+ is the more prone to replacing Ti, followed by V 3+ and then V 5+ , according to [67] . V 4+ will directly replace Ti, and V 5+ will exchange with R 5+ .
The valences of Fe and V in the rutile structure may be discriminated according to the following considerations. When all vectors are considered, and both Fe 2+ and Fe 3+ are supposed to be present, the following relationship is valid (in apfu):
where all V is considered V 3+ and a, b, and c are respective coefficients (between 0 and 1) of the vectors (1), (2) and (3) where R 3+ = Fe 3+ . With Fe 2+ = X and consequently Fe 3+ = 1 − X (i.e., 2a + b − c = 1 − X), Equation (6) reduces to:
It follows that in a Fe + Cr + V vs. 2W + Nb + Ta diagram, when all V is considered to be V 3+ , all the rutile analyses should plot between two lines corresponding to two extreme cases:
Fe 3+ + Cr + V = 2W + Nb + Ta (all Fe as Fe 3+ )
Thus, theoretically allowing a qualitative evaluation of the Fe 2+ to Fe 3+ proportion. In the Panasqueira case, owing to the fact that as a rule 2W >> Nb + Ta, the slopes of lines (8) and (9) will be close to 1 and 0.5, respectively. If, nevertheless, other V valences are involved, they will be expressed by shifts of the plotted analyses in the preceding diagram, i.e., vertically if V 4+ is present, and horizontally if V 5+ is present. If the analyses plot above line (8) , the involvement of V 4+ is likely, and in the same way, if they plot below line (9) , the presence of V 5+ may be envisaged. However, if they plot in between the two lines (8) and (9), the effects of valence changes in Fe and V will be indiscernible.
Nevertheless, replacing Fe + Cr + V by Fe + Cr in the testing diagram may allow an independent evaluation of the possible effect of the V 3+ to V 4+ shift. As seen in Figure 5A , when plotted in the Fe + Cr + V (apfu) vs. 2W + Nb + Ta (apfu) diagram (i.e., assuming all V as V 3+ ), the Panasqueira rutile crystals predominantly occupy the whole interval between the two (8) and (9) lines, with a neat tendency to overlap the "V 4+ domain" and with trends which are not rooted at zero. By contrast, when plotted in the Fe + Cr (apfu) vs. 2W + Nb + Ta (apfu) diagram (i.e., assuming all V as V 4+ ), the Panasqueira rutile crystals are in their great majority on (or close to) the (9) line ( Figure 5B ). This behavior is readily explained if in the crystals (i) Fe is predominantly present as Fe 3+ , and (ii) concomitantly V is predominantly present as V 4+ . In a few occurrences, however, distinct shifts from the (9) line are still present in the diagram of Figure 5B . In one case (sample II-10a), vertical shifts may be interpreted as recording the presence of Fe-rich nano-inclusions, most likely, ilmenite. In sample XIII-1c, most analyses are under the (9) line, meaning that in this sample, a higher proportion of vanadium is present as V 3+ .
Panasqueira rutile crystals are in their great majority on (or close to) the (9) line ( Figure 5B ). This behavior is readily explained if in the crystals (i) Fe is predominantly present as Fe 3+ , and (ii) concomitantly V is predominantly present as V 4+ . In a few occurrences, however, distinct shifts from the (9) line are still present in the diagram of Figure 5B . In one case (sample II-10a), vertical shifts may be interpreted as recording the presence of Fe-rich nano-inclusions, most likely, ilmenite. In sample XIII-1c, most analyses are under the (9) line, meaning that in this sample, a higher proportion of vanadium is present as V 3+ . 
Compositional Zoning: Sector Zoning
Patterns of sector zoning are said to be "a function of both crystal habit and how it changes with progressive growth", commonly leading to typical "fir-tree" shaped sectors [68] . BSE images of rutile 
Patterns of sector zoning are said to be "a function of both crystal habit and how it changes with progressive growth", commonly leading to typical "fir-tree" shaped sectors [68] . BSE images of rutile sections may therefore be complicated and difficult to interpret, in particular, where crystals are aggregated, which is a common case at Panasqueira (e.g., Figure 3B ). On favorable sections, seemingly close to being parallel, or orthogonal, to the prism axis, comparison of BSE images with ideal rutile form shows that we are apparently dealing with two tetragonal prisms (a = {100} and m = {110}) and two dipyramids (e = {101}, and s = {111}) ( Figure 6 ). It appears that the crystal sectors that more efficiently concentrate metals are associated with pyramid faces (Figure 6 ). This is at variance with the opinion of [6] , who thought that this role was taken by the prism faces in the W-rich rutile crystals at Kori Kollo gold mine (Bolivia). It also appears that the two sets of prisms or the two sets of pyramids are not equivalent, one of them being systematically more efficient in concentrating minor elements than the other, as seen by the contrasting grey hues in BSE images ( Figure 6 ). Unfortunately, it was not possible to properly index the faces, and consequently we choose to label π a and π b the two sets of tetragonal pyramid faces, with π b the more efficient, and P a and P b the two sets of tetragonal prism faces, with P b the more efficient ( Figure 6 ). The different forms are variably combined, with apparently all the possibilities between prism-dominated or pyramid-dominated habits, nearly isometric habits being seemingly the more common. Otherwise, P a and π b are by far the most common faces. Quantitatively, systematic measurement of rutile composition as a function of the face shows that W and Fe are preferentially concentrated in the pyramid faces, as do Nb and Ta in a lesser proportion, whereas V, (Cr) and Sn are almost not affected by the differential trapping ( Table 1) . The maximum W concentration in a given type of face is variable, depending on the samples: 1.12 to 10.7 wt % in π b , 1.07 to 7.62 wt % in π a , 0.64 to 3.92 wt % in P b and 0.26 to 1.40 wt % in P a . In π b and π a , the Panasqueira rutile appears as one of the richest in W worldwide. The partitioning of the four types of faces is well displayed in the W-Sn-(Nb + Ta) diagram in Figure 7 . As seen in Figure 7 , W is more incorporated than Nb and Ta onto the more efficient faces, whereas Sn contents are nearly not impacted. As a consequence, the net effect of the sector zoning is a progressive increase of the relative weight of Sn from π b to π a then to P b and finally to P a . This effect combines with a less significant increase of the relative weight of Nb + Ta. 
Qcs Veinlet Wall Rock
Crystal
Compositional Zoning: Oscillatory Zoning
Superimposed to sector zoning, oscillatory zoning is conspicuous, in particular in the pyramid sections (πa and πb). In most of the large crystals from Qcs veinlets, and in many of the smaller crystals in the wall rocks, oscillatory zoning is characterized by alternation of "clear" and "dark" bands in BSE images (Figure 8 ). Zoning characteristics are the same regardless of the rutile setting. The band boundaries appear as clear-cut, although in many instances the boundary is marked by a short-range but continuous variation of the grey hues, from the clear to the dark band. In the latter case, it thus appears that the two bands form a doublet, limited by abrupt boundaries. In a limited number of occurrences, the doublet is inverted, starting from the dark band ( Figure 8A ). 
Superimposed to sector zoning, oscillatory zoning is conspicuous, in particular in the pyramid sections (π a and π b ). In most of the large crystals from Qcs veinlets, and in many of the smaller crystals in the wall rocks, oscillatory zoning is characterized by alternation of "clear" and "dark" bands in BSE images (Figure 8 ). Zoning characteristics are the same regardless of the rutile setting. The band boundaries appear as clear-cut, although in many instances the boundary is marked by a short-range but continuous variation of the grey hues, from the clear to the dark band. In the latter case, it thus appears that the two bands form a doublet, limited by abrupt boundaries. In a limited number of occurrences, the doublet is inverted, starting from the dark band ( Figure 8A ). Figure 3A) . (B) Small crystal from a tourmalinized wall rock. Profile α is presented in Figure 9 , and profile ABCD in Figure 10 . Zrn zircon (C) Large crystal from a Qcs veinlet that we named Rt 5. The crystal is encapsulated in a late pyrite (Py), and crosscut by cassiterite (Cst). Note the convoluted oscillatory zoning (arrow). Profile α is presented in Figure 9 . (D) Group of crystals from the same Qcs veinlet. Note the well expressed "firtree" texture (arrow). Profile AB is presented in Figure 10 where is noted as Rt7. Cst cassiterite.
Careful examination at high resolution suggests that doublets may in reality be the rule, the transition between the clear and dark bands being however extremely fast, in the micrometer range. The size of the bands is highly variable, in the 10-25 μm range (with possible intercalations of smaller 1-5 μm ribbons) in the larger crystals, down to 1-5 μm in the smaller crystals from the wall rocks (e.g., Figure 3C and Figure 8B ). At the crystal scale, zoning is expressed as succession of large strips, in the 50-150 μm range in the larger crystals, and 5-15 μm in the smaller. Each strip groups several elementary bands or doublets. The strips are characterized by major compositional changes as revealed in both SEM imaging and X-ray (EPMA) mapping ( Figure 6 ).
All the minor elements, W, Nb + Ta, Fe, V, Cr and Sn, are involved in the compositional zoning. Three zoning scales must be considered. (i) At the band scale, owing to their small size, only in a very limited number of cases was construction of a profile possible. The results (Figure 9 ) did not provide a systematic organisation of the data. (ii) At the doublet scale (Figures 9,10 ) it appears that the clear bands are in general enriched in W relatively to the dark ones, whereas the inverse is true for Nb and Ta, which are most commonly conspicuously enriched in the latter. The clear/dark sharp boundary is always well reflected into jumps in these minor element contents. Tin and vanadium behavior is more erratic, these elements being either correlated or anti-correlated with Nb and Ta. (iii) At the crystal scale, some regularity is observed. Figure 3A) . (B) Small crystal from a tourmalinized wall rock. Profile α is presented in Figure 9 , and profile ABCD in Figure 10 . Zrn zircon (C) Large crystal from a Qcs veinlet that we named Rt 5. The crystal is encapsulated in a late pyrite (Py), and crosscut by cassiterite (Cst). Note the convoluted oscillatory zoning (arrow). Profile α is presented in Figure 9 . (D) Group of crystals from the same Qcs veinlet. Note the well expressed "fir-tree" texture (arrow). Profile AB is presented in Figure 10 where is noted as Rt7. Cst cassiterite.
Careful examination at high resolution suggests that doublets may in reality be the rule, the transition between the clear and dark bands being however extremely fast, in the micrometer range. The size of the bands is highly variable, in the 10-25 µm range (with possible intercalations of smaller 1-5 µm ribbons) in the larger crystals, down to 1-5 µm in the smaller crystals from the wall rocks (e.g., Figures 3C and 8B) . At the crystal scale, zoning is expressed as succession of large strips, in the 50-150 µm range in the larger crystals, and 5-15 µm in the smaller. Each strip groups several elementary bands or doublets. The strips are characterized by major compositional changes as revealed in both SEM imaging and X-ray (EPMA) mapping ( Figure 6 ).
All the minor elements, W, Nb + Ta, Fe, V, Cr and Sn, are involved in the compositional zoning. Three zoning scales must be considered. (i) At the band scale, owing to their small size, only in a very limited number of cases was construction of a profile possible. The results (Figure 9 ) did not provide a systematic organisation of the data. (ii) At the doublet scale (Figures 9 and 10 ) it appears that the clear bands are in general enriched in W relatively to the dark ones, whereas the inverse is true for Nb and Ta, which are most commonly conspicuously enriched in the latter. The clear/dark sharp boundary is always well reflected into jumps in these minor element contents. Tin and vanadium behavior is more erratic, these elements being either correlated or anti-correlated with Nb and Ta. (iii) At the crystal scale, some regularity is observed. Figure 8 (PAN-VII-6-b1: Figure  8A ; PAN-IV-3b: Figure 8B ; PAN-XIII-1c: Figure 8C ). Explanations in the text.
As seen in Figures 4 and 10 , there is a clear tendency of Nb to be anti-correlated with W, and element contents are modulated at the scale of a few doublets (Figure 10 ). Tin and vanadium are less variable, and display contradictory behavior, being either correlated with Nb + Ta and anti-correlated with W ( Figure 4J ,K,L,M) or the contrary ( Figure 4B ,C,D and Figure 4F ,G,H), just as in the doublet cases. Comparison of rutile crystals from different settings, even at the sample scale, shows that there are no general correlations: crystals may exhibit evolution from a Nb-rich and W-poor core to a Wrich and Nb-poor rim (PAN-VII-6-b1, Figure 4K,L) , or the inverse ( Figure 4F,G) , or show moderate variations around middle W contents, which seems the most common case ( Figure 4C ). Figure 8 (PAN-VII-6-b1: Figure 8A ; PAN-IV-3b: Figure 8B ; PAN-XIII-1c: Figure 8C ). Explanations in the text.
As seen in Figures 4 and 10 , there is a clear tendency of Nb to be anti-correlated with W, and element contents are modulated at the scale of a few doublets (Figure 10 ). Tin and vanadium are less variable, and display contradictory behavior, being either correlated with Nb + Ta and anti-correlated with W ( Figure 4J-M Figure 3E , line AB) and in Figure 8 (PAN-IV-3b-Rt4: Figure 8B , line ABCD; PAN-XIII-1c-Rt7: Figure 8D , line AB). Explanations in the text.
Discussion
Oscillatory Zoning: External or Internal Control?
Several theoretical and experimental works, concerning either silicate growth in a magmatic medium [69] [70] [71] [72] , or the hydrothermal growth of barite [73] , or calcite [74, 75] , have shown that oscillatory zoning may be due to internal factors. The competition between the growth speed and the elemental diffusion rates leads, in some conditions, to a self-organized process resulting in oscillatory zoning (OZ) without need for a change in the generating medium. Some workers emphasize the role of "impurities" in the appearance of self-organization, e.g., [76, 77] . The self-organization point of view has been however challenged, some workers pointing out that oscillatory zoning may be related to both internal and external factors, e.g., [6] , and others showing that oscillatory zoning may be entirely controlled by external factors, e.g., [78, 79] . Experiments on calcite growth lead [75] to conclude that whereas large scale elemental variations reflect the overall changes of the growth solution, the finer scale modulations (OZ) are caused by growth-rate controlled incorporation of trace elements.
All the self-organization models yield stationary theoretical profiles characterized by more or less pronounced asymmetry, quasi-periodical evolution of the composition, regular size of the bands with oscillation between constant bounds. Nevertheless, very strong gradients may be produced, mimicking discontinuities. These characteristics are poorly matched by the doublets characterizing OZ in the Panasqueira rutile crystals (Figure 8 ): (i) the successive doublets are of various size, (ii) there is no real oscillation of the contents between fixed bounds from one doublet to the other, (iii) the internal structure of the doublets is not regular, the clear and dark bands being variously large or narrow between adjacent doublets (Figure 9 ), and (iv) elemental variations within doublets are not constrained to one and the same pattern. Therefore, to the possible exception of the narrower banding in the large crystals (which could well be explained by self-organization), it must be concluded that 
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Oscillatory Zoning: External or Internal Control?
All the self-organization models yield stationary theoretical profiles characterized by more or less pronounced asymmetry, quasi-periodical evolution of the composition, regular size of the bands with oscillation between constant bounds. Nevertheless, very strong gradients may be produced, mimicking discontinuities. These characteristics are poorly matched by the doublets characterizing OZ in the Panasqueira rutile crystals (Figure 8 ): (i) the successive doublets are of various size, (ii) there is no real oscillation of the contents between fixed bounds from one doublet to the other, (iii) the internal structure of the doublets is not regular, the clear and dark bands being variously large or narrow between adjacent doublets (Figure 9 ), and (iv) elemental variations within doublets are not constrained to one and the same pattern. Therefore, to the possible exception of the narrower banding in the large crystals (which could well be explained by self-organization), it must be concluded that the oscillatory zoning in the Panasqueira rutile crystals was essentially developed under external constraints. As crystallization temperature is not expected to have much varied [63] , and unless pressure variations exert a major control on element partitioning into the rutile, which is thought to be unlikely, it results that the zoning reflects variations in the composition of the hydrothermal fluid.
Owing to sector zoning, interpretation must be based on homogeneous data, i.e., on data from the same kind of crystal forms, namely on the pyramid data, in particular, from the π b faces. With this restriction, the rutile data may help to further enlighten the fluid characteristics. Yet, the information the rutile can yield must be considered to cover shorter time ranges than in the tourmaline case. This is shown by the absence of global correlation in the zoning features, suggesting that the crystallization of a given rutile crystal spanned less time than the coeval tourmaline. This is consistent with the fact that well-zoned rutile crystals may be included in tourmaline.
Open or Closed System Evolution?
Compositional variations may be controlled by either close-or open-system conditions of growth. There are no experimental data to constrain the W behavior in the course of fractional crystallization of a W-bearing rutile. According to [80] , Nb being more compatible than Ta in a rutile crystal, a decrease of the Nb to Nb + Ta ratio is expected during crystallization of a Nb-Ta rutile in a closed system. As seen in Figure 9 , a decrease of this ratio is not systematic, and when occurring, it is not associated with a correlative systematic variation of neither W nor Nb + Ta contents. In addition, the strong compositional changes at the clear/dark boundary in the OZ doublets is difficult to reconcile with fractional crystallization, which is on the contrary expected to yield rather continuous compositional variations. It is thus thought that the Panasqueira rutile grew under open-system conditions. Yet, in the context of sector zoning, it must be recalled that, according to [68] , within-sector compositional changes may be induced by simply changing the normal growth rates of the corresponding faces, these changes being however difficult to separate from those in fluid chemistry. In the present case, it is thought that this effect may in part explain the apparently chaotic aspects of the minor elements behavior in the profiles of Figure 10 . In an open-system perspective, most of the doublets may be viewed as the result of the successive influx of (i) a W-rich, Nb-Ta poor fluid, abruptly replaced by (or mixed to) (ii) a Nb-Ta-rich and W-poor fluid.
Oscillatory Zoning as a Consequence of Seismic Activity?
To go further in the interpretation, we must now consider the timescale of growth for a given doublet. For a large spectrum of mineral species, and in a large temperature (25-450 • C) and pressure (0.1-200 MPa) range, experimentally measured crystal growth rates are comprised between a few 10 −1 nm·s −1 and 10-20 (up to 100) nm·s −1 (ZnO [81] ; berlinite [82] ; quartz [83, 84] ; fluorite and AgCl [85] ; vaterite [86] ; calcite [87] [88] [89] . As a rule, the rates increase with the concentration of the solution and the temperature of crystallization. For the Panasqueira rutile, growing at c. 450 • C, it seems then reasonable to bracket the growth rates between 1 and 10 nm·s −1 , as a first order of magnitude. With such values, the time growth of a 20 µm-large band in a rutile crystal would be in the order of 2 × 10 3 to 2 × 10 5 s, i.e., from less than 1 h to~2 days, meaning that it should be also the time scale for the turning over the flow feeding at the doublet growth scale. This, in turn, is reminiscent of seismically controlled fluid flow processes. It has been shown that seismic events have the capacity to activate micro-permeability in the affected rock volume, allowing the incorporation of otherwise captive fluids in the circulating fluid flow [90, 91] . The time constant of the process is in the order of a few hours to a few days, consistent with the estimated growth rates for the rutile. An experimental work on apatite [92] confirms that complex zoning patterns may result from short-lived fluid flow events associated with rapid fluid composition fluctuations such as those occurring during a seismic cycle. Thus, the formation of a doublet could be understood as the result of seismic activity. A (micro) seismic event would allow in a first time the influx in the growing environment of the main fluid circulating at this time at the deposit scale, and a light band would grow. After a short time lag, a new fluid, coming from a low permeability reservoir, would in turn invade the growing environment, triggering the growth of the succeeding dark band.
Nature of the Fluid(s)
At Panasqueira, the early tourmalinization process is demonstrated to result from the progressive mixing between a first fluid F1, characterized by a Co-Cu-Pb-Sc-Sr-V-Cr-Sn-Nb-Ta elemental assemblage, and a second fluid F2, characterized by the F-Li-Fe-Mn-Zn-W elemental assemblage [65] . Both fluids are thought to be of metamorphic origin. At the end of the tourmaline growth, when rutile is crystallizing, F2 is dominant in the mineralizing mixed fluid. This is in agreement with the composition of the clear bands in the rutile doublets, which are characterized by high W contents. It is by contrast impossible to relate to F1 nor to F2 the repetitive infiltrations of a small quantity of fluid during micro-seismic events that are thought to be at the origin of the dark bands. It cannot be F1, owing to the lack of systematic positive correlation between Nb + Ta and V or Sn in these dark bands. In addition, neither in F1 nor in F2 is observed the high Nb to W ratio found in the dark bands. Consequently, a third fluid F3 seems to be recorded in the rutile growth, and rutile thus appears as a very sensitive marker of fluid evolution.
There is a rare metal granite (RMG) layer atop of the Panasqueira granite ( Figure 1B ), and these RMG are characterized by abundant Nb-rich columbo-tantalite (Nb/Nb + Ta in the 0.74-0.93 range). However, they are poor in cassiterite, a fact which is reflected in rather low Sn contents in the granites (≤ 75 ppm) [47] . It is thus tempting to relate fluid F3 to these Nb-rich granites. Nevertheless, F3 is unlikely to be a magmatic-hydrothermal fluid, because there is no evidence at the RMG-micaschist boundary for an interaction between the wall rock and a fluid issued from the granitic melt, except a limited Rb and Sr enrichment of micaschists on a few meters [47] . On the other hand, the RMG layer could well have acted as the low-permeability reservoir required by the model presented in the previous section. It may thus be proposed that at the favor of seismic events, the main F1/F2 mixture could invade the RMG. During the inter-seismic period of retention, high temperature fluid-rock interaction could cause the F1/F2 mixture to evolve into fluid F3. The latter would be released at the occasion of the next seismic event, causing the growth of a new dark band in the rutile, whereas coeval invasion of F1/F2 into the granite would initiate the following cycle.
Conclusions
1. From the crystal-chemistry point of view, iron and vanadium in the Panasqueira rutile crystals are predominantly present as Fe 3+ and V 4+ , respectively.
2. The conspicuous sector zoning is due to differential incorporation of minor elements onto pyramidal and prismatic faces, the latter being by far less efficient. Two families of both types are involved, but could not be indexed. W is more strongly incorporated than Nb + Ta onto the more efficient faces, whereas Sn and V contents are nearly not impacted. The net effect of the sector zoning is thus a progressive increase of the relative weight of Sn from the most efficient pyramid family to the less efficient prism family of faces, somewhat in combination with a less significant increase of the relative weight of Nb + Ta.
3. The Panasqueira rutile rank among the richest in tungsten worldwide (up to 10.7 wt % W). This is connected with this rutile heralding the main wolframite deposition event.
4. The conspicuous oscillatory zoning concerns most minor elements: W, Nb + Ta, Fe, V, Cr and Sn. It does not result from a self-organizing process, and records open-system conditions of crystallization. The doublets of "clear" and "dark" bands that make the oscillatory zoning are viewed as the result of the successive influx of (i) a W-rich, Nb + Ta poor fluid, abruptly replaced by (or mixed to) (ii) a Nb-rich and W-poor fluid. Whereas the clear bands likely crystallized from the main fluid associated with the tourmaline growth, the dark bands are thought to record repetitive influxes of another fluid, released from a tight reservoir in relation to seismic events. This reservoir was likely the rare metal granite layer atop of the Panasqueira granite.
5. Rutile appears to be a very sensitive marker of fluid evolution in hydrothermal systems, in the same way as rutile is a sensitive marker of melt evolution in magmatic systems.
Supplementary Materials: The following are available online at http://www.mdpi.com/2075-163X/9/1/9/s1, Table S1 : SEM-EDS analyses of the Panasqueira rutile. 
